; and (ii) nitrile hydratase (NHase) catalyzes the hydration of nitriles to amides [R-C(ϭO)-NH 2 ] (13-16), which are subsequently hydrolyzed to acids and ammonia by amidase (17) (18) (19) . These enzymes have received much attention in applied (8, 20) as well as academic fields (12, 21) . One of the fruits of our applicationoriented nitrile studies is the current industrial production of acrylamide and nicotinamide using the NHase of Rhodococcus rhodochrous J1 (1, 9) . On the other hand, the NHase of Pseudomonas chlororaphis B23 (22) , which was previously used as a catalyst for acrylamide manufacture (8, 20, 23) , is now used for the industrial production of 5-cyanovaleramide (24) . Recently, we discovered a novel hemoprotein that catalyzes the dehydration of aliphatic aldoximes to the corresponding nitriles in P. chlororaphis B23 (25) and named it aliphatic aldoxime dehydratase (OxdA); it has been approved as a new enzyme by Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (IUBMB): EC 4.99.1.5. (www.chem.qmul.ac.uk͞iubmb͞enzyme͞ EC4͞99͞1͞5.html). The OxdA reaction not only is academically interesting but also is expected to be applicable to the practical production of nitriles, because it occurs under mild conditions, in contrast to the chemical dehydration of aldoximes under harsh conditions (26) .
The reaction mechanism of OxdA has yet to be explored, because reaction intermediates in the catalytic cycle are not well understood. We previously reported that ferrous OxdA, containing a five-coordinated high-spin heme and His-299 as its proximal ligand, is the reactive form of the enzyme (27, 28) , and that His-320 in the distal heme pocket would play a crucial role in donating a proton to a substrate during aldoxime dehydration (28) . Using the stopped-flow rapid scan technique in combination with electronic absorption spectroscopy, we recently detected an initial reaction intermediate [named OxdA-substrate complex I (OS-I)], the heme coordination structure of which was suggestive of Fe(II)-N(OH)ϭCH-R (29), with butyraldoxime used as the substrate (Scheme 1). Although we have partially revealed the function and structure of OxdA, we have not so far answered the most interesting question regarding OxdA, ''What hallmark of OxdA enables it to create a carbon-nitrogen triple bond from an aldoxime and to eliminate a water from the substrate even in an aqueous solution?'' Here, we show that direct binding of a substrate followed by the formation of a highly oxidative state of OxdA is one possible answer.
importance but also to their potential and appreciable economic value. The reaction intermediate of OxdA is also very attractive, because the OxdA reaction is very unique and intriguing in the following: (i) dehydration of the substrate in an aqueous solution; (ii) utilization of the favorable hydrophobic environment of the heme pocket on catalysis of dehydration; (iii) synthesis of a C-N triple bond, which is a highly toxic functional group; and (iv) direct binding of the substrate to the heme iron in contrast to other heme-containing enzymes (e.g., horseradish peroxidase). However, information on the reaction intermediate of OxdA has been quite limited and, thus, the reaction mechanism of OxdA is not yet well understood.
Here, we found that the addition of a large amount of butyraldoxime (final concentration, 200 mM) to a solution of ferrous OxdA with a low enzyme concentration (final concentration, 5 M) yields a long-lived OxdA-substrate complex (named OS-II), whose UV-vis spectrum exhibits a Soret peak at 415.5 nm (Fig. 1) . The UV-vis spectrum of OS-II was different from the corresponding spectra of OS-I and CO-bound, ferrous, and ferric forms of OxdA (25, 29) . A gradual decrease in the Soret peak of OS-II and a concomitant increase in the Soret peak of ferrous OxdA occurred 10 min after the addition of butyraldoxime, the spectrum of ferrous OxdA finally being observed. Although the reaction rate on synthesis of butyronitrile was reduced, the stoichiometric conversion of butyraldoxime to butyronitrile was confirmed by gas chromatography.
To obtain a more detailed insight into OS-II, we carried out resonance Raman (RR) spectroscopic studies on OS-II, exciting the species with a 413.1-nm Kr ϩ ion laser line. Fig. 2 shows the time-resolved RR spectra in the high-frequency region during the reaction process starting from OS-II immediately afforded upon the addition of excess butyraldoxime (final concentration, 200 mM) to ferrous OxdA (final concentration, 5 M). The RR spectra of OS-II ( Fig. 2 a, 5 min and b, 10 min) indicate there is no change for 10 min after the addition of excess butyraldoxime to ferrous OxdA. Then, there followed gradual decreases in the intensities of the heme marker bands of OS-II, such as the 4 and 3 bands at 1,379 and 1,504 cm Ϫ1 , and concomitant increases in the intensities of the corresponding marker bands at 1,358 and 1,471 cm Ϫ1 of ferrous OxdA, as shown in Fig. 2 c-h. Intriguingly, the frequency of the 4 band at 1,379 cm Ϫ1 of OS-II was even higher than that of ferric OxdA at 1,376 cm Ϫ1 (27) . It has been established that the frequencies of the 4 band are influenced by the conjugative electron interaction between the central iron and the porphyrin ring, and that a decrease in the electron density causes an upshift of the 4 band (35) . Thus, such a high 4 band frequency as 1,379 cm Ϫ1 is reminiscent of that of a ferryl-oxo heme species observed in horseradish peroxidase (called compound II), which exhibits a 4 band at 1,379 cm Ϫ1 (36) . OS-II would be considered to contain a highly oxidized heme compared with that involved in ferric OxdA.
To obtain direct evidence of the binding of a substrate to the heme iron of OxdA, we examined the low-frequency region of the RR spectrum of OS-II. Fig. 3 shows the time-resolved RR spectra from OS-II to ferrous OxdA in the low-frequency region, with experimental conditions the same as those for the highfrequency spectra shown in Fig. 2 . The RR spectra of OS-II exhibited no Fe-His band around 226 cm Ϫ1 ; this observation implies the direct binding of the substrate to the heme iron of OxdA, because it is known that the Fe-His line becomes very weak when a ligand is bound to the position trans to the histidine (37, 38) . The low-frequency heme-ligand vibrational mode can be determined by using an isotope ligand, which causes an isotope shift of the ligand-heme iron vibrational mode due to the mass effect on oscillation (39, 40) . Therefore, we used [ 15 N]butyraldoxime (C 3 H 7 CHϭ 15 NOH) and observed the butyraldoxime-isotope dependence of the RR spectra of OS-II (Fig. 4) . The difference spectrum (Fig. 4c) exhibited marked positive and negative peaks at 857 and 839 cm -1 , respectively, suggesting that the modes are associated with oscillation of the N atom. There are two possibilities as to the origin of the isotope sensitive modes. One possibility is that the modes arise from N-OH stretching ( N-OH ). However, this idea was rejected, because the 15 N isotope-sensitive band at 857 cm -1 was insensitive to the solvent deuterium effect (data not shown). The other possibility is that the vibration involves stretching of a relatively strong Fe-N bond, the bond order of which may be more than one. The observed shift upon 15 N substitution of as large as 18 cm -1 is in reasonable agreement with the theoretical value (15 cm Ϫ1 ) expected for an isolated diatomic harmonic stretching oscillator. In addition, our previous works also supported direct binding of the N atom of a substrate to the heme iron (28, 29) . From these observations, we concluded that OS-II has the heme iron directly coordinated by the N atom of butyraldoxime. Intriguingly, the 857-cm -1 vibrational frequency is much higher than the Fe-N single bond stretching frequency (500-600 cm -1 ) observed for the NO adducts of hemoproteins (41, 42) . Previously, Wagner and Nakamoto (43, 44) reported a similar high Fe-N stretching frequency (876 cm -1 ) in the RR spectra of the photolysis products of the tetraphenylporphyrin azide complex, for which the formation of a perferryliron-N triple bond [Fe(V)ϵN] was proposed. In the OxdA reaction, however, the final product (nitrile) contains a carbon-nitrogen triple bond, and therefore the formation of Fe(V)ϵN is unlikely to occur. Furthermore, density functional theory calculations have demonstrated that Fe(V)-N and Fe(IV)-N actually have a double bond characteristic with Fe-N distances of 1.722 and 1.698 Å, respectively (45) . Thus, these findings suggest that the bond order between the heme iron and the nitrogen atom of the substrate part in OS-II is more than one; an FeϭN double bond may be formed.
The question arises how the highly oxidized heme and the strong Fe-N bond are concomitantly formed in the reaction cycle. To answer this question, we here propose a possible mechanism for the creation of a carbon-nitrogen triple bond from aldoxime by OxdA (Fig. 5) . First, OS-I is formed on mixing of ferrous OxdA with butyraldoxime (29) . In our previous work (28), we suggested that the distal histidine (His-320) of OxdA donates a proton to the OH group of butyraldoxime. Second, after elimination of H 2 O from the heme-bound substrate, Fe(II)Por-N ϩ ϭCH-R might be yielded, and electron transfer would occur from the ferrous iron to the cationic substrate. The resultant complex, Fe(III)Por-NϭCH-R, may be in a resonance structure with Fe(IV)PorϭN Ϫ ϭCH-R or Fe(III)Por
•ϩ ϭN Ϫ ϭCH-R, if the transfer of one more electron occurs from the heme to the substrate. The possibility that a cation radical porphyrin is formed in the OxdA reaction can be ruled out, because such a cation hole in porphyrin is known to cause a reduction of the absorbance in the Soret region (46) ; an upshift of 2 ; and downshifts of 3 , 4 , and 10 in the RR spectra (47) , but the present experimental observation does not indicate such a trend. Thus, the mechanism of two-electron transfer from the ferrous iron to the substrate would result in the formation of a highly oxidized heme iron and an FeϭN double bond. The formation of OS-II would be followed by abstraction of the proton attached to the substrate carbon atom. Although it could be difficult to cleave the C-H bond of a neutral aldoxime (HO-NϭCHR), the ␤-hydrogen of Fe(IV)PorϭN Ϫ ϭCH-R may be prone to elimination by any weak base because of the intramolecular electron transfer from the substrate to the heme. The possible mechanism shown in Fig. 5 is largely in accordance with the results of studies on various iron porphyrin systems by Mansuy and coworkers (48, 49) , suggesting that the ferryl state is formed in the aldoxime dehydration cycle.
Previous analysis involving the stopped-flow rapid scan technique (29) , in which a small amount of aldoxime (Ͻ50 mM) was added to ferrous OxdA, demonstrated that the rate-limiting step of the OxdA reaction is conversion of OS-I to the next species, but we report here that it is conversion of OS-II to ferrous OxdA when a large amount of aldoxime (200 mM) is added to ferrous OxdA, the final result being a marked increase in the lifetime of OS-II. We cannot give a solid reason for why the rate-limiting step of the OxdA reaction changes with the amount of added aldoxime. However, it has been occasionally reported that the rate-limiting step changes because of the effect of an exogenous compound (50) , and it is reasonable to believe that OxdA has the ability to suppress the synthesis of excess nitrile, because excess nitrile is physiologically toxic for P. chlororaphis B23 itself. For example, one of the reasons for the change in the rate-limiting step may be the repression by protonation of B of OS-II, which would consequently diminish the ability of deprotonatation from the heme bound substrate (Fig. 6) . It is speculated that a water molecule is attracted to the heme pocket of OxdA because of the accumulation of nitriles (and aldoximes), which are polar molecules, followed by the protonation of B, or that the water molecule yielded during the reaction from OS-I to OS-II could not reach an outer active site due to the accumulation of nitriles (and aldoximes). OS-II was also detected on the addition of butyraldoxime (final concentration, 40 mM) with butyronitrile (final concentration, 150 mM), but not on the addition of only butyraldoxime (final concentration, 40 mM).
Herein, we demonstrated a reaction intermediate of a hemecontaining enzyme with a highly oxidized heme that is formed concomitantly upon direct binding of a substrate. It is noteworthy that the OxdA reaction is a rare example of a heme directly activating an organic substrate, unlike the utilization of H 2 O 2 or O 2 as a mediator of the catalysis by other heme-containing enzymes (e.g., P450).
Materials and Methods
Materials. Butyraldoxime was purchased from Tokyo Kasei Kogyo, Tokyo). 15 N-labeled hydroxylamine hydrochloride was obtained from Sigma-Aldrich. All other biochemicals except for [ 15 N]butyraldoxime were standard commercial preparations.
Plasmid, Strain, and Medium. Escherichia coli BL21-Codonplus(DE3)-RIL (Novagen) carrying pET-oxdA, which was included for the OxdA structural gene, was used for the expression of OxdA. E. coli transformants were grown in 2 ϫ YT medium (1.6% tryptone͞1% yeast extract͞0.5% NaCl) containing 50 g͞ml kanamycin and 34 g͞ml chloramphenicol.
Expression and Purification of Recombinant OxdA. OxdA was overexpressed as described (27) . All purification steps were performed at 0-4°C. Potassium phosphate buffer (pH 7.0) was used throughout the purification. Centrifugation was carried out for 30 min at 15,000 ϫ g.
The cells were harvested by centrifugation, washed twice with 100 mM buffer, and then disrupted by sonication (Insonator Model 201M; Kubota, Tokyo) to prepare a cell-free extract. Cell debris was removed by centrifugation. The resulting supernatant was fractionated with ammonium sulfate (35-60% saturation), followed by dialysis against 10 mM buffer. The dialyzed solution was applied to a DEAE-Sephacel column (5 ϫ 25 cm) (Amersham Pharmacia Biosciences) equilibrated with 10 mM buffer. The column was washed with 2.0 liters of 10 mM buffer containing 0.1 M KCl, and then the protein was eluted from the column with 2.0 liters of 10 mM buffer, with the concentration of KCl increased linearly from 0.1 to 0.5 M. The active fractions were collected, and then ammonium sulfate was added to give 20% saturation. The enzyme solution was placed on a TSK gel Butyl-Toyopearl 650M column (4.2 ϫ 35 cm) (Tosoh, Tokyo) equilibrated with 10 mM buffer 20% saturated with ammonium sulfate. The column was washed with 1.0 liter of the same buffer, and then the enzyme was eluted by lowering the concentration of ammonium sulfate (20% to 0%) in 2.0 liters of the buffer. The active fractions were combined and then precipitated with ammonium sulfate at 70% saturation. The precipitate was collected by centrifugation, dissolved in 0.1 M buffer, and then dialyzed against three changes of 5.0 liters of 1 mM buffer (pH 6.8). After centrifugation, the enzyme solution was loaded onto a Cellulofine HAp column (4.2 ϫ 35 cm) (Seikagaku Kogyo, Tokyo) equilibrated with 1 mM buffer (pH 6.8). The column was washed with 2.0 liters of the same buffer, and then the protein was eluted with a linear gradient, 1-100 mM, of the buffer (pH 6.8). The active fractions were collected and then dialyzed against 10 mM buffer. The homogeneity of the purified protein was confirmed by SDS͞PAGE.
Analytical Methods. Ferrous OxdA, which is an active form of OxdA, was prepared by adding sodium dithionite to purified OxdA under anaerobic conditions. The reaction buffer for observation of OS-II comprised 10 mM sodium dithionite and 100 mM potassium phosphate (pH 7.0). The reaction was started by the addition of excess butyraldoxime to ferrous OxdA under anaerobic conditions. The reaction product (butyronitrile) was determined with a gas chromatograph (GC-14BPF; Shimadzu) equipped with a flame ionization detector and a glass column (3.2 mm ϫ 2.1 m) packed with Gaskuropack 56 (80͞100% mesh; GL-Science, Tokyo).
The absorption spectrum was recorded with a Shimadzu UV-1700 PharmaSpec spectrophotometer.
RR Spectroscopy. RR spectra were obtained with excitation at 413.1 nm with a Kr ϩ ion laser (Spectra-Physics, model 2060). The excitation light was focused into the cell; the laser power was 2 mW at the cell for OxdA samples. The sample solutions for the Raman measurements were sealed in quartz cells, which were rotated at 5 ϫ g at room temperature. Typically, 50-l aliquots of 5 M protein in 10 mM sodium dithionite and 100 mM potassium phosphate buffer, pH 7.0, were put into the cell. The scattered light at the right angle was dispersed with a single polychromator (DG-1000; Ritsu Oyo Kogaku, Saitama, Japan) equipped with a liquid nitrogen-cooled charge-coupled device camera. Raman shifts were calibrated by using indene and CCl 4 as frequency standards, providing an accuracy of Ϯ1 cm Ϫ1 for intense isolated lines. 
